Lithium formate crystallizes from aqueous solu tions as the m onohydrate LiHCOO • H 20 , in con trast to the formates of sodium and potassium which do not form hydrates at room temperature. The crystal structure of LiHCOO H 20 is known from several X-ray studies as well as a neutron dif fraction study [1] [2] [3] [4] [5] [6] [7] , and its electrical properties have been reported in great detail [8, 9] .
Lithium formate crystallizes from aqueous solu tions as the m onohydrate LiHCOO • H 20 , in con trast to the formates of sodium and potassium which do not form hydrates at room temperature. The crystal structure of LiHCOO H 20 is known from several X-ray studies as well as a neutron dif fraction study [1] [2] [3] [4] [5] [6] [7] , and its electrical properties have been reported in great detail [8, 9] .
In view of the abundance of inform ation on LiHCOO H 20 , it is surprising that so little is known about the properties of the anhydrous salt. A crystal structure for LiHCOO has recently been reported by Kansikas and Hermansson [10] . The crystals which were used for the structure determ i nation have been prepared from the melt. We will show below that the reported crystal structure of LiHCOO is that of a quenchable high-temperature modification (L iH C O O -I). A second modifica tion (L iH C O O -II), which is stable at room tem perature, can be obtained by dehydration of LiHCOO H 20 . In the present paper we report the results of a combined X-ray, R am an and D TA/TG /D SC study o f the polymorphism of lithium formate. In addition, the results of a single-crystal structure determ ination of the low-temperature phase L iH C O O -II will be given. The crystals were filtered off and dried over sili ca gel in a desiccator. Under these conditions the m onohydrate proved to be stable. However, upon drying LiHCOO H 20 over P4O 10, anhydrous LiHCOO was obtained.
For the therm oanalytical investigations a Rigaku D T A /T G /D T G instrum ent. Model 8076 D 1, and a Perkin-Elmer DSC instrument, M odel DSC-1B, have been used. Samples of approximately 20 mg were studied in aluminium or platinum con tainers. X-ray powder diffraction data have been obtained using a Guinier-Simon camera (EnrafNonius), the Huber Guinier System 600, and the A utom ated Powder Diffractometer Stadi P (Stoe). The R am an spectra were recorded on a D ilor Z-24 instrum ent, using the 514 nm line of an A r+-laser as the exciting line. For high tem perature studies the samples were contained in glass rods in an oven supplied by Dilor Industries, Lille, France. The spectral resolution used in the recorded spec tra is 2 cm -1. Additional infrared spectra were re corded on a Bruker 113 V FT-IR instrum ent using alkali halide pellets.
The polymorphism o f lithium form ate
A clear indication o f the thermal behaviour of the m onohydrate can be found in Fig. 1 showing the D T A /T G /D T G recording of a 20 mg sample o f LiHCOO H 20 . At 78 °C a mass loss com mences, culminating in a 25% loss at 94 °C. Upon further application of heat a phase transition oc curs at 228 °C, and at 272 °C the solid melts. If the melt is subsequently cooled down, solidification occurs at 164 °C, showing a supercooling of about 100 °C. When heated again it melted again at 271 °C without the occurrence of a phase transi tion. U pon cooling the melt once more, the same H e a tin g -------1 -Cooling - undercooling o f about 100 °C is observed. This ex periment was followed by numerous others, and the results obtained were essentially identical in each case.
The effect o f heating and cooling on the Ram an spectra of LiHCOO • H 20 can be seen in Fig. 2 . Three different wave num ber ranges are shown: The lattice modes, occurring in the range of 20 -2 5 0 cm -1, the C -O stretching (v2) and C -H bending (v5) modes in the range of 1300-1500 c m '1, and then finally the C -H Stretching modes (v,) and some overtone and com bination bands which occur in the range of 2700-3000 cm "1. In Fig. 2 significant differences are evident between the R a man spectra o f the m onohydrate (Fig. 2 a) (Fig. 2b) and L iH C O O -I (Fig. 2 c) . The high tem perature modification L iH C O O -I can persist at room tem perature if m oisture is excluded from the sample (Fig. 2d) . However, after some time a slow re transform ation of metastable L iH C O O -1 into the stable modification L iH C O O -II starts (Fig. 2e) , and this process can take up to six days for com pletion (Fig. 2f) . The X-ray diffraction results confirm these ob servations. It was again observed that dehydration takes place at about 90 °C, that a phase transition occurs at about 230 °C, and that the high-temperature phase (designated by us as L iH C O O -I) is sta ble until a tem perature of 270 °C is reached where the solid melts. Furtherm ore, upon cooling to room tem perature a diffraction pattern is obtained that still corresponds to that of the high-temperature phase of anhydrous LiHCOO, showing that L iH C O O -I can indeed be supercooled.
The corresponding X-ray powder patterns are shown in Fig. 3 . The observed pattern for the hightem perature phase L iH C O O -I agrees well with one which was calculated using the single crystal results of Kansikas and Hermansson [10] (Fig. 4) . Therefore there is no doubt that the crystal struc ture reported for "LiHCOO" is in fact that of the quenchable high-temperature modification L iH C O O -I. The Guinier pattern of L iH C O O -II can be indexed completely using a hexagonal unit cell with a = 14.9285 (7) and c = 5.5498(5) Ä. This is confirmed by the results of a single-crystal study which will be reported below.
The vibrational spectra o f the lithium form ates
The vibrational spectra of LiHCOO H 20 have been reported in the literature [11] [12] [13] [14] [15] [16] . The com pound belongs to the orthorhombic space group Pbn2, (Cfv) with Z = 4 [7] , The H C O O -and H 20 ions both occupy crystal sites of C,-symmetry and theoretically each internal vibrational mode can split into A, (ir, R) + A2(R) + B,(ir, R) + B2(ir, R) modes. However, to a first approxim ation it can be assumed that these correlation field splittings will not be resolved. Furtherm ore, the two C -O bond lengths in the H C O O -ion are almost equal, and the symmetry o f the H C O O -group can thus be approxim ated by C2v-symmetry with the result that a rather simple spectrum can be expected for the formate ions in L iH C 0 0 H 20 . This fact is borne out by the experiments as is evident from Fig. 2 . The Raman lines are summarized in Table I . The fundamental modes v,(C~0), v2( C -0 ) and v5(C -H ) are all single lines. An assignment of the Ram an lines is also given in Table I . U pon dehydration o f the m onohydrate, a completely different spectrum, representing L iH C O O -II, is obtained. According to the struc ture determination, described later in this paper, it belongs to the hexagonal system, space group P 63 (Cg), with Z = 18. The H C O O -groups occupy the lattice sites o f C,-symmetry which can accomodate six ions, and there must be, therefore, three differ ent formate groups in the unit cell. A more de tailed R am an spectrum of L iH C O O -II is shown in Fig. 5 . It is clear that v, is split into three com po nents at 2831, 2871 and 2891 cm -1, respectively. This also applies to v5( C -0 ) and v2( C -0 ) (Fig. 5) . The splitting of Vj is also evident in the infrared spectrum of the C -H stretching frequency range, shown in Fig. 6 . In the infrared spectra, however, several com bination and overtone bands occur as 2 v2, 2 v5, v2 + v5 etc. The splitting of fundamental modes into three com ponents has also been ob served in the infrared spectra where the asymme tric C -O stretching mode (v4) splits into com po nents at 1649, 1644 and 1639 cm -1 and the fre quencies and num ber of com ponents of v2 and v5 closely resemble the Ram an ones summarized in Table I . 
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-- The three crystallographically distinct formate ions in L iH C O O -II, as compared to the one in the m onohydrate, also contribute towards the com plexity of the lattice mode bands. In Fig. 2 a the broad and prom inent peak at 163 cm -1 has been assigned to a wagging rotational mode of the for m ate ions, with a second com ponent occurring at 167 cm -1. In Fig. 5 it is evident that single bands appear at 176, 164, 148 and 140 cm "1, reflecting the presence of various independent formate groups.
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The vibrational spectra clearly indicate that the anhydrous LiHCOO prepared by dehydrating the m onohydrate over P4O 10 is identical to the phase L iH C O O -II obtained by dehydrating the m ono hydrate by the application of heat.
L iH C O O -I, the high-temperature phase, is monoclinic, space group C 2 /c (C2h) with Z = 32 [10] . The H C O O -g ro u p s occupy positions of C r symmetry that can accomodate 8 groups, and there are, therefore, four crystallographically dis tinct formate groups in the unit cell. It is clear from Fig. 2d that the splitting of the C -H stretching mode is once again an indication o f the four differ ent C -H bond lengths. However, the splitting into four com ponents is not observed in all the bands. In the crystal structure of L iH C O O -I the C -O bond lengths, for example, are not so different from one another [10] and this could make the splitting of the vibrational bands difficult to re solve. It must be noted that the com ponents of v,, the C -H stretching mode, are observed in a nar row frequency range, occurring at 2833, 2838, 2842 and 2855 cm "1. These bands can be com pared with the C -H bond lengths of 1.03, 1.01 and 0.99 Ä [10] .
C rystal structure o f L iH C O O -I I
Single crystals of L iH C O O -II, the low-temperature modification o f lithium formate, could be grown by slow evaporation of a saturated solution of anhydrous LiHCOO, obtained by dehydration of the m onohydrate over P4O 10, in absolute meth anol. The quality o f the crystals, however, was rather poor. After inspection of a large number by optical microscopy and X-ray film methods an in dividual (approx. dimensions 0.24x0.06x0.06 mm) was found, which proved suitable for a structure determ ination. From Weissenberg photographs L iH C O O -II was found to be hexagonal, Laue class 6/m. Reflections were observed with I = 2n for 0 0 0 1 , pointing to the possible space groups P 63/m or P 63.
For the data collection an Enraf-Nonius CAD-4 diffractom eter was used (CuK a, A = 1.5418 Ä, graphite m onochrom ator in incident beam). L at tice param eters have been refined from 25 reflec tions in the range 6.9° < 6 < 24.9°. They agree with those obtained by a refinement of Guinier data. Intensities were measured for 2° < 9 < 60° in c o -2 6 scan technique, scan width (0.7 + 0.14 tan#)°. Three standard reflections indicated a 0.6% loss of intensity during data collection. Merging of the 3126 measured intensities (sin#max/A = 0.559 Ä -1; -16 < h < +16, -1 6 < A : < +16,0 < / < 6) gave 588 unique reflections (i?int = 0.04) which were used for all subsequent calculations (program sys tem SHELX-76 [17] ). Atomic scattering factors and F, f" values were taken from International T a bles for X-ray Crystallography, Vol. IV [18] . Bond distances and angles have been calculated using the program SADI A N [19] . The structure was solved by standard direct methods. Because sta tistical tests gave no clear indication, whether a centre o f inversion was present or not, we started in P 63/m. Soon it came out, however, that this was the wrong choice o f the space group. Successive difference-Fourier syntheses in P 63 showed all atom s except the hydrogens. After the last isotrop ic refinement cycle (wR = 0 .11) a numerical cor rection for absorption was applied (program DI-FABS, [20] ).
In least-squares refinements | FI values were used to refine atom ic coordinates and anisotropic displacement factors for the non-hydrogen atoms.
The anisotropic refinement converged at w R = 0.081 with a ratio maximum shift to error < 0.001 in the final refinement cycle. Maximum features in the final difference-Fourier-map were +1.0, -0 .8 eÄ~3. The rather high /?-value reflects the poor quality of the crystal investigated as well as some peculiarities of the structure which will be discussed later. Accordingly, hydrogen atom s could not be located. The good convergence of even the anisotropic displacement param eters shows, however, that the derived structure is basi cally correct. Crystallographic data, atomic p a rameters and equivalent isotropic displacement factors for L iH C O O -II are given in Table II , selected interatomic distances and angles in Table III Table II) can be described in space group P 63/m as well, this being the reason that statistical tests could not unequivocally show the presence or absence of a centre o f inversion. In addition, there might be some inversion twinning present. The quality of the experimental data, however, was not sufficient to resolve this problem completely.
The structure o f L iH C O O -II (Fig. 7 ) comprises three different kinds o f lithium atoms, all of them being tetrahedrally coordinated by oxygen. M ore over Fig. 7 shows th at the structure involves char acteristic channels running along [0 0 0 1 ].
The tetrahedron around Li(l) is fairly regular (Fig. 8) with a mean L i ( l ) -0 distance o f 1.956 Ä. Three tetrahedra are connected with each other by corner-sharing, forming some kind of an equilater al triangle. Each group comprising three tetra hedra is connected with another one through a 0 ( l ) -C ( l ) -0 ( 2 ) bond forming a chain in which the O -C -O groups are aligned with the c-axis (Fig. 9) .
Li(2) and Li(3) are very similar. The surround ing oxygen tetrahedra are slightly distorted to z = 1/2 and turned by 60°. Both triangles are connected by corner-sharing with L i(2)04 and L i(3)04 tetrahedra, thus forming a hexagonal pattern (Fig. 10) . The equilateral triangles of three L i(l)0 4 tetrahedra share corners with the hexagonal groups formed by the L i(2)04 and L i(3)04 tetrahedra. Besides there also exists an 0 ( 4 ) -C ( 2 ) -0 ( 3 ) group which links the L i(l)0 4 tetrahedra to the groups of L i(2)04 and L i(3)04 tetrahedra.
We could not find any indication for an at least partial occupation o f the tunnels running along [000 1] with water molecules. Considering the very different crystal structures of L iH C O O -II and LiHCOO H 20 , it seems therefore that the re hydration reaction of anhydrous lithium formate is not a topotactic reaction, but rather some kind of an intracrystalline "solution and recrystalliza- tion" process. An uptake of water into the tunnels of L iH C O O -II could however be a very first step of this process.
Our spectroscopic results have shown that v,, the totally symmetric C -H stretching mode, is a very sensitive probe for the crystallographic en vironment of the formate ion in the alkali metal formates. It is therefore interesting to note that v, is observed as a single band at 2858 cm -1 in LiHCOO • H 20 , where strong hydrogen bonds are known to exist [7] , This corresponds to the report ed C -H bond length o f 0.88 Ä in this com pound. U nfortunately, the positions o f the hydrogen atoms could not be determined for L iH C O O -II, however, the three components o f v, in this modifi cation, that are observed at 2830, 2870 and 2891 cm -1, respectively, can be correlated with a relatively long C -H bond, corresponding to the com ponent at 2830 cm -1, and two shorter ones (2870 and 2889 cm " 1). This corresponds to the existence of three different formate ions, two con taining C -O bonds that vary from 1.20 to 1.30 Ä and one containing C -O bond lengths o f 1.35-1.36 Ä. In other words, the long C -H and C -O bonds most probably reflect the existence of a hy drogen bond, while the two shorter C -H bonds and the two formate ions containing shorter C -O bond lengths reflect much weaker hydrogen bond interactions.
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